VOLUME 13 | NUMBER 7 | JULY 2010 nature neurOSCIenCe a r t I C l e S In neocortical pyramidal cells, as in many CNS neurons, the AIS has a pivotal integrative role because it has a lower threshold for action potential generation than the soma and dendrites 1 and thus controls both the transformation of dendrosomatic synaptic input into spike output and the backpropagation of action potentials into the dendrites. The properties of Na + channels in the AIS are reported to differ from those in other regions of the cell. For example, several studies have found that the activation voltage of Na + channels is 6-14 mV more hyperpolarized in the axon than in the soma 2-4 . Moreover, the AIS has been implicated as the primary source of persistent Na + current (I NaP ) 5, 6 .
a r t I C l e S
In neocortical pyramidal cells, as in many CNS neurons, the AIS has a pivotal integrative role because it has a lower threshold for action potential generation than the soma and dendrites 1 and thus controls both the transformation of dendrosomatic synaptic input into spike output and the backpropagation of action potentials into the dendrites. The properties of Na + channels in the AIS are reported to differ from those in other regions of the cell. For example, several studies have found that the activation voltage of Na + channels is 6-14 mV more hyperpolarized in the axon than in the soma [2] [3] [4] . Moreover, the AIS has been implicated as the primary source of persistent Na + current (I NaP ) 5, 6 .
One major subject of disagreement is whether the density of Na + channels is substantially greater in the AIS than in the soma. An early computational study 7 found that, in an anatomically correct compartmental model of a pyramidal neuron with identical Na + channel properties in all regions, Na + channel density in the AIS must be orders of magnitude higher in the AIS than in the soma to simulate the lower axonal threshold. However, subsequent patch recordings from the AIS suggested that the density in the two regions is similar 2, 3, 8 . More recently, in the study in which patch recordings indicated equal densities, the authors 3 presented several arguments why this result might not be correct and asserted that the true Na + channel density in the AIS is much higher than in the soma or dendrites. A similar conclusion was reached on the basis of recordings from blebs that form when cortical axons are cut 4 .
We used high-speed fluorescence imaging of the Na + indicator sodium-binding benzofuran isophthalate (SBFI) 9, 10 to quantitatively describe the Na + dynamics that accompany subthreshold depolarizations and single and multiple action potential generation in axons, dendrites and somata of layer 5 neocortical neurons. Our measurements of Na + flux in axon, soma and basal dendrites suggest that the ratios of Na + channel densities in these regions is approximately 3:1:0.3. These results provide evidence for the axonal location of the subthreshold persistent Na + conductance and indicate that diffusion is the main removal mechanism following Na + entry in the AIS and first node of Ranvier.
RESULTS

Na + transients in the axon decay faster than in the soma
In 197 layer 5 pyramidal neurons, we recorded changes in SBFI fluorescence during single or multiple action potentials elicited by brief somatic current injections in the soma and nearby axon and basal dendrites. All the fluorescence transients were blocked by bathapplied tetrodotoxin (1 μM, n = 4). During experiments, axons were distinguished from the other fine processes because they emerged from the soma opposite the apical dendrite and had distinctive Na + transients (see below). We examined 36 neurons live in a two-photon microscope after the physiological experiment. In these cells, axons were readily distinguished from basal dendrites by their lack of spines (Fig. 1a) , confirming the determination that had been made during recording. These reconstructions were used to measure the dimensions of the axon, soma and dendrites, which were later used to estimate the relative Na + fluxes in the different compartments.
In a representative neuron, averaged Na + transients (n = 20) elicited by single action potentials were prominent only in the axons and were poorly or not at all detectable in soma and dendrites ( Fig. 1b ; see also Supplementary Movie 1). The greatest change in axonal SBFI fluorescence occurred 10-30 μm from the soma. The intracellular Na + concentration ([Na + ] i ) grew rapidly (10-90% rise time less than 10 ms) and decayed rapidly with a time constant of 200-600 ms. At distances beyond 35-50 μm, in the presumed myelinated region of the axon 11 , Na + transient amplitudes were smaller and their peaks were progressively delayed (Fig. 1b) . The amplitudes and time courses of the fluorescence transients are expected to accurately reflect the entry and removal of Na + from the cell, as Na + is not substantially buffered by either components of the cytoplasm or the Na + indicator (see Online Methods). a r t I C l e S When trains of three or more action potentials were generated, we also detected Na + signals in the soma and basal and apical dendrites, although they remained largest in the proximal axon (Fig. 1b) . The most notable difference was in the rates of Na + clearance. In the soma and dendrites, [Na + ] i either stayed at a plateau level or decayed slowly after the end of the spike train; [Na + ] i recovery was often not complete even 10 s following the cessation of stimuli. In contrast, [Na + ] i rapidly declined immediately on termination of the stimuli in the proximal axon.
Rapid Na + removal in axons is not due to active transport We used two experimental manipulations to decrease the activity of the pump. First, we cooled the slices from 33 °C to 23 °C. This had only a minimal effect on the decay time constant of the Na + transients in the proximal axon (τ = 0.42 ± 0.16 s at 33 °C versus 0.54 ± 0.10 s at 23 °C, P > 0.05, n = 4; Fig. 2 ).
Second, bath-applied oubain (100 μM), which blocks the Na + /K + -ATPase 12 , had little or no effect on axonal Na + clearance (τ = 0.34 ± 0.18 s in control versus 0.37 ± 0.21 s with oubain, P > 0.05, n = 3). Therefore, in the time frame of our experiments, active transport is not responsible for the dynamics of Na + clearance from the axons. Na + dynamics reflects localized Na + influx and diffusion We next examined whether spike-evoked Na + entry and subsequent axial diffusion is sufficient to account for the time course and observed rapid Na + clearance in the axons by comparing experimentally observed Na + transients with the results of numerical simulations. We built a simplified compartmental model that encompassed the fundamental morphological features of a layer 5 pyramidal neuron. In the model, the first 35-50 μm of the axonal length were assumed to be uncovered by the myelin sheath 11 and to possess a uniform Na + channel density about threefold higher than that of the soma (see Online Methods). The subsequent, myelinated segment possessed no Na + channels. In addition to Hodgkin-Huxley type Na + and K + conductances, the model incorporated longitudinal diffusion of Na + ions between neighboring compartments with a diffusion coefficient of 0.6 μm 2 ms −1 (ref. 13); no mechanism for Na + extrusion was included. Thus, the spatio-temporal patterns of the simulated [Na + ] i transients solely reflected transmembrane influx into the 'active' compartments that possess Na + channels (soma and AIS) and Na + diffusion into compartments that either possess no Na + channels (myelinated segments) or are large sinks because they have a relatively small surface-to-volume ratio (soma). In all of the active locations in the model, [Na + ] i grew throughout the action potential train; it continued to grow after the termination of the train in the passive myelinated internodes, reflecting diffusion of Na + from the adjacent AIS (Fig. 3) . The initial parts of the decay time constants of the simulated Na + transients were fastest at the most distal and proximal extremes of the AIS and increased toward its center. Within several tens of milliseconds, however, the rate of Na + diffusion from the AIS into the myelinated internodes slowed, reflecting the progressive decrease in the steepness of the Na + concentration gradient. In contrast, the steep axo-somatic Na + gradient persisted, as [Na + ] i in the relatively immense soma remained low and nearly constant.
The model closely mimicked experimentally observed changes in fluorescence during a single action potential (Fig. 3a) as well as action potential trains (Fig. 3b,c) . Amplitudes of [Na + ] i elevations were largest in the AIS, where the time-to-peak was fastest and uniform throughout the segment (Fig. 3a,b) . In the first myelinated segment, Figure 2 Active transport cannot account for the rapid Na + clearance in the axon. Left, the decay of axonal Na + transients ~20 μm from the soma elicited by a train of ten action potentials was not affected by heating of the slice from 22 °C to 32 °C. Thin traces are superimposed best fits to a single exponential at 22 °C, 32 °C and on return of the temperature back to 22 °C. The difference was undetectable. Right, blockade of Na + /K + -ATPase with bath-applied oubain (100 μM) had little effect on axonal Na + clearance. Thin traces are superimposed best fits of decay of the Na + transients in control, during oubain application and following washout.
a r t I C l e S in which simulated Na + transients only reflected longitudinal Na + diffusion from the AIS, time-to-peak grew and amplitude declined as a function of the distance from the site of Na + influx (Fig. 3a,b,d ). Finally, we compared the Na + transients in cortical neurons to those in cerebellar Purkinje cells (Supplementary Fig. 1 ), which possess a much shorter AIS of only 15 μm (ref. 14) . Both the spatial distribution of the times-to-peak of the Na + transients along the axonal length and the half-width at a distance of 10 μm from the hillock differed significantly between the two types of neurons (P < 0.05; Fig. 3e) . The difference was completely predicted by diffusion models by changing the AIS length of 38 μm in cortical neurons to 15 μm for Purkinje cells (Fig. 3e) .
Relative spike-evoked Na + influx in different compartments Because the dynamics of the Na + transients for short time periods can be entirely described in terms of influx and diffusion, we can use the fluorescence measurements to estimate the relative fluxes of Na + ions into the different compartments during action potential generation. However, inference of spike-evoked Na + influx per unit membrane area (Q Na ) from the imaging data requires careful consideration of differences in the surface-to-volume ratio, background tissue fluorescence and other technical factors. We used three different approaches to evaluate relative Q Na .
Our first approach focused on the shapes of the Na + transients in the AIS, the soma and the basal dendrites. We elicited Na + transients with trains of 10 and 100 action potentials (Fig. 4a) . Under both protocols, [Na + ] i grew steadily throughout the train in all neuronal compartments. In the AIS, [Na + ] i declined rapidly after reaching its peak, achieving a steady level at about 2 s. In the soma and basal dendrites, the [Na + ] i also stopped rising at the end of the train, but did not fall over the next few seconds. The steady level in all three compartments was about the same, indicating that diffusional equilibrium was achieved.
The rapid recovery of the AIS signal shows that the peak [Na + ] i change in that compartment was much higher than the end-of-train [Na + ] i in the soma. But it is not immediately clear whether this results from a higher Q Na across the membrane or because the axon is thinner than the soma. That the dendritic signal did not decline after the train indicates that the [Na + ] i change in the dendrite was close to the [Na + ] i change in the soma. As the surface-to-volume ratio of the dendrite is much greater than that of the soma, this closeness suggests that Q Na into the basal dendrite must be less than Q Na into the soma.
To obtain a more quantitative estimate of the Q Na ratio among the three compartments, we measured the peak and steady-state ΔF/F values and then constructed a simple compartmental model to reproduce these values. The ΔF/F steady state to end-of-train ratio of the AIS Na + transients was 0.22 ± 0.07 (mean ± s.d., n = 7) following a train of ten action potentials and 0.47 ± 0.08 following a train of 100 action potentials; in the basal dendrites, the ratios were 1.29 ± 0.22 and 0.92 ± 0.13, respectively.
We next performed computer simulations to find the ratio of channel densities consistent with the measured ΔF/F time courses and relative magnitudes. The somatic Na + channel density was kept constant, whereas Na + channel density in the process (either axon, consisting a r t I C l e S of a 40-μm-long AIS followed by a myelinated internode, or basal dendrite) was systematically varied. To match the experimentally determined steady state to end-of-train ΔF/F ratios, the Na + channel density in the AIS has to be one-to threefold larger than the somatic density and the Na + channel density in the basal dendrite has to be 0.1-0.3-fold larger than the somatic density (Fig. 4b) . The presence of a myelinated segment made only a small difference in the predicted recovery curves (data not shown).
A second approach to estimating relative Q Na from the imaging data relies on the following considerations. First, Δ[Na + ] i ≈ ΔF/F, where Δ[Na + ] i is the Na + concentration change per spike and ΔF/F is the fractional change in SBFI fluorescence. This relationship holds if the change in fluorescence is linear, which should be true because the K D for the Na + -SBFI interaction is high (26 mM) 15 and ΔF/F values are
, where Q Na is the transmembrane Na + influx per spike and V is the volume of the region of interest, assuming the removal rate of Na + is slow compared with the rate of entry. Assuming that the indicator concentration is uniform throughout all compartments, which is reasonable for the peri-somatic region after 15 min of dialysis, then V ≈ F and Q Na ≈ ΔF, as the fluorescence of SBFI in a region should be proportional to the volume of the region. This relationship allows us to directly compare the charge entries in different regions. Additional technical considerations are described in the Online Methods. We measured ΔF in the soma, AIS and basal dendrites following trains of five action potentials at 10-ms intervals (Fig. 5a ) or ten action potentials at 30-ms intervals. We found that ΔF AIS /ΔF soma = 2.05 ± 0.27 for the faster train (mean ± s.d., n = 11) and 1.54 ± 0.42 for the slower train (n = 19), measured in a region around the soma and a rectangle over the axon. The ratios were sensitive to changes in the areas of the circles or rectangles (Supplementary Fig. 2 ), but the resulting error was not greater than 20%. If we correct the amplitude determined from the slower train for the reduction resulting from axial diffusion (increase by ~40%) then that ratio becomes 2.16 ± 0.59, which is close to the ratio determined from the faster train. The average is 2.10 ± 0.43. Applying an additional correction factor of 0.78 for the difference in surface to cross section for the axon and soma (see Online Methods), we estimated that the ratio of Q Na in the two compartments, Q AIS /Q soma , to be 2.69 ± 0.55.
We made a similar comparison between the axon and basal dendrites (Fig. 5a) . We found that ΔF axon /ΔF basal = 8.64 ± 0.86 for spikes at 10-ms intervals (mean ± s.d., n = 11) and 6.01 ± 2.69 for spikes at 30-ms intervals (n = 9). We still had to apply a correction for diffusion for the slower train, but there was no need to correct for differences in the surface to cross section, as both compartments were assumed to be cylinders. After correcting and averaging, we found that Q AIS /ΔQ basal = 8.4 ± 3.6.
The third approach for estimating Q Na starts from the same equations. As there is almost no buffering of entering Na + ions (see Online
, where k is the change in [Na + ] i that causes ΔF/F = 1%, C Faraday is Faraday's constant, ΔF is the action potential-evoked change in fluorescence and F is the resting fluorescence of SBFI in the volume (equal to the total measured fluorescence minus F a , the tissue autofluorescence). Typically, F a was about 5% of F in the soma and 35% of F in the axon and basal dendrites. The volume-to-surface area ratio was assumed to be diameter divided by 6 for a quasispherical soma and diameter divided by 4 for the cylindrical AIS and basal dendrites. The diameters of the soma, axon and basal dendrites for each neuron were estimated from twophoton reconstructions.
In the soma, AIS and basal dendrites, the mean values of ∆F F ⋅ volume surfacearea were 0.30 ± 0.06 (n = 14), 0.78 ± 0.14 (n = 14) and 0.08 ± 0.01% μm (n = 9), respectively (Fig. 5b) . Q Na in soma, AIS and in basal dendrites, assuming k = 0.4 mM per 1% ΔF/F (ref. 15) was 11.8 ± 2.1, 30.1 ± 5.7 and 3.3 ± 0.5 fC μm −2 , respectively. Using these numbers, we found that Q AIS /Q soma = 2.95 ± 0.45 (n = 14) and Q AIS /Q basal = 8.88 ± 1.74 (n = 9), close to the estimates obtained by the first two approaches (Fig. 5c) . Figure 4 The shape of spike-evoked Na + transients constrains the ratio of Na + channel densities in different compartments. (a) Na + transients elicited by 10 (left) and 100 (right) action potentials at the soma (black) in a basal dendrite (20 μm from the edge of the soma, blue) and in the AIS (20 μm from the hillock, red) of a representative neuron. Arrowheads indicate the points where the steady state and the end-of-train fluorescence values were measured and the numbers are the ratios of the steady-state to end-of-train ΔF/F values. (b) Na + transients in models with different process-to-soma ratios of Na + channel density. Somatic Na + channel density was kept constant and Na + channel density in the process was varied over the range of 0-30-fold of the somatic density (numbers along the left side of the figure). The numbers to the right of the traces are the calculated ratios of the steady-state to end-of-train signal. The model required the basal dendrite Na + channel density to be 0.1-0.3-fold larger than the somatic density and the AIS density to be one-to threefold larger than the somatic density to match the experimentally determined signals.
a r t I C l e S
In these experiments, the [Na + ] i changes were elicited by trains of action potentials. We also evaluated the SBFI fluorescence changes associated with single action potentials, although the small signal size and the inability to completely eliminate vibrations made the analysis more difficult. In two neurons in which the single spike changes could be clearly measured in both the soma and the axon, the Q AIS /Q soma ratio for one action potential was similar to that determined with spike trains (Supplementary Fig. 3 ). Because the rise time of the single spike signals was much faster than the fall time there was no need to correct for diffusion.
Sodium dynamics at nodes of Ranvier
In eight cortical neurons, nodes were identified by the characteristics of their Na + transients (see below). In four of these neurons, subsequent two-photon reconstructions revealed thin collateral axonal braches that originated from the axonal trunk at the presumed node location (Fig. 6a ). An additional node was found in the axon of a cerebellar Purkinje cell (data not shown). In both cell types, the first nodes were found within 95-115 μm of the soma. In the two axons in which second nodes of Ranvier were identified (both in Na + -imaging experiments and in two-photon reconstructions), they were located 22 and 28 μm from the first node.
Physiologically, nodes were identified as isolated locations where the time course of the Na + transient was in synchrony with the spike train (Fig. 6a) . When these Na + elevations occurred, they were evident for distances of 10-20 μm along the axonal length, obviously longer than the dimensions of a central node of Ranvier 16 . The maximal amplitudes of nodal Na + transients elicited by five action potentials at 10-ms intervals (ΔF/F = 0.5 to 2%) were <10% of those in the AIS of the same neuron (Fig. 6a) . The amplitude was maximal in the center of a segment and decayed in both directions (Supplementary Fig. 4 ). 
a r t I C l e S
Because the nodes are small, Na + ions diffused laterally almost as quickly as they enter across the nodal membrane. Computer simulations showed that diffusion-mediated [Na + ] i equilibration between the nodal and internodal volumes should be nearly complete in milliseconds (Fig. 6b) and that more than 90% of Na + ions that enter a 1-μm-long node were already in the internodal region within 10 ms of the peak of the action potential. In contrast, 10 ms after an action potential in the 48-μm-long AIS, dissipation of the Na + gradient was minimal.
We cannot measure the peak [Na + ] i in the node even if we record the fluorescence change at 500 frames per s, as Na + ions diffuse away from the node too quickly. However, because diffusion is the primary clearance mechanism, we expect that all of the Na + that entered at the node will be contained for a short time in a region extending 20 μm to either side. Thus, integration of the [Na + ] i change over this region 10 ms after the spike train estimates the total charge transfer via nodal Na + channels. This measure was similar to the charge transfer density in the AIS (Fig. 6c) .
This conclusion was supported by computer simulations in which the AIS Na + channel density was held constant while Na + channel density in the first node was varied (Fig. 6c) . Comparison of the experimentally determined ΔF/F changes in this cell with those predicted by the model indicates a nodal Na + channel density of the same order of magnitude as in the AIS (Supplementary Fig. 4 ).
[Na + ] i changes associated with persistent Na + conductance To examine [Na + ] i changes resulting from activation of I NaP , we applied subthreshold pulses of varying durations. These depolarizations evoked a large change in SBFI fluorescence in the axon that persisted throughout the pulse and were completely and reversibly blocked by tetrodotoxin (data not shown, n = 3), indicating that they reflect Na + influx through voltage-sensitive Na + channels. In all of the neurons studied, the amplitude of the axonal Na + transients elicited by 1-s subthreshold depolarizations was comparable to or larger than the transients elicited by single action potentials, even though the signal associated with the prolonged subthreshold pulse must have included Na + diffusion out of the AIS (Fig. 7a) . Even with subthreshold depolarizations as long as 3 s, the signal was maintained throughout the duration of the pulse, revealing the truly persistent nature of the underlying Na + current (Fig. 7b) . I NaP undergoes some slow inactivation 17 , but this was not evident in the imaging data.
In most experiments, there was no detectable persistent Na + entry in the adjacent basal dendrite (Fig. 7a) and soma (Fig. 7c) following subthreshold depolarization. Extensive signal averaging revealed a small somatic signal in only 3 of the 12 cells. We determined the AIS-to-soma ratio of the amplitudes of the signal evoked by a 1-s subthreshold depolarization and found that it was much larger than the ratio of amplitudes evoked by a train of ten action potentials (Fig. 7c) . This result was found even though Na + diffusion out of the AIS should have a much greater effect on peak axonal ΔF/F during the prolonged pulse than on the rapid, spike-evoked signal.
To evaluate the contribution of I NaP at suprathreshold potentials, we examined the Na + transients generated during ramps under voltage clamp. Slow voltage ramps from −70 mV to −40 mV or to 0 mV (Fig. 7d,e) were applied to somata with K + currents blocked using Cs + as the main intracellular cation and Ca 2+ currents blocked by adding 200 μM Cd 2+ to the bath 6, 18 . Analysis of ramp-induced Na + transients in 21 neurons showed that voltage onset of I NaP generation (−57 ± 5 mV) was accompanied by a parallel onset of the change in AIS SBFI fluorescence (−57 ± 6 mV), whereas somatic and basal dendritic Na + signals were first detected at more depolarized potentials (−41 ± 6 mV). The signals in the soma and dendrites correspond primarily to Na + entry into those regions and not diffusion from the axon, as the signals began to decline as soon as the ramp ended. This difference in onset voltages suggests that I NaP has shifted voltage dependence in the axon compared with the other compartments.
Implications of Na + flux distribution for spike generation In axonal recordings, action potential maximal rates of rise are greater than 1,000 V s −1 (ref.
3) and the preferred location for spike initiation is near the distal end of the AIS 11, 19 . Some studies 3, 7 suggest that a high axon-to-soma ratio of Na + conductances is required to account for these observations. As our imaging experiments found that a r t I C l e S the conductance ratio between these compartments was not high, we asked whether a model with a reasonable set of parameters could be constructed that would match our observations and still produce action potentials with these characteristics. We found that we could simulate the fast upstroke despite the much lower AIS Na + channel density by assigning faster, more realistic values to the kinetic parameters of the Na + channels (Fig. 8a) . The velocity of the action potential upstroke is given by dV dt
where I Na is the current flowing through the Na + channels and C local is the membrane capacitance (assuming that I Na is substantially larger than other currents). Thus, the smallest I Na that could underlie a dV dt of 1,000 V s −1 is ~10 pA μm −2 (assuming C = 1 μF cm −2 ), which corresponds to a g Na of 200 pS μm −2 (assuming that at the point at which dV dt is maximal the driving force for Na + is 50 mV). This is the value if Na + channel activation is instantaneous; it will be larger if the time constant of Na + channel activation (τ m in the Hodgkin-Huxley formalism) is slow. The value of τ m at physiological temperature is not known and is difficult to measure. Generally, the bandwidth used for Na + channel recordings in CNS neurons is 2 kHz (−3 dB, 8-pole Bessel filter) (for example, refs. 2,3), which optimizes the signal-to-noise ratio and permits accurate capacitive transient subtraction. However, recording at 2 kHz at 23 °C distorts and slows the onset kinetics of currents if τ m is faster than about 120 μs (Fig. 8a) .
The most accurate estimate of Na + channel activation kinetics in central neurons was made from mossy fiber boutons 20 . Recording at 23 °C, with a 10-kHz low-pass filter, the authors reported τ m of 38 μs and 14 μs for 0 mV and +40 mV, respectively. At 32 °C, if Q 10 = 3 and the rate is nonsaturating, τ m will be13 μs and 5 μs, respectively.
When τ m is in this range, very fast action potentials are possible with considerably lower current density (Fig. 8a) . The action potentials are shown at the distal end of the AIS, where they are most isolated from the soma by the thin AIS.
Using simulations, we examined the effects of density and properties of the Na + channels in the AIS at the site of action potential initiation (Fig. 8b) . In all models, the voltage dependence of axonal g Na was shifted by −6 mV compared with somatodendritic channels [2] [3] [4] 21 . When Na + conductance was equal in the soma and AIS (250 pS μm −2 ), somatic current injection (2 ms, 1 nA) produced a relatively slow and uniform regenerative response across soma, proximal axon and dendrites ( Fig. 8b; see also Supplementary Movie 2) . A threefold increase in the AIS conductance, however, was sufficient to change this pattern toward axonal spike initiation (Fig. 8b) . The action potential voltage threshold was shifted to more negative potentials and axo-somatic delays and voltage gradients were greater in models with a faster τ m (τ m × 0.2; Fig. 8b ) and the axo-somatic difference was even more evident when persistent Na + conductance was added to the AIS ( Fig. 8b; see also Supplementary Movie 3) . In all of these models, action potentials backpropagated over the dendrites following initiation in the AIS. DISCUSSION Na + imaging allowed us to quantitatively evaluate the characteristics and density of sodium channels in thin neuronal processes, providing a complementary approach to electrophysiological and immunocytochemical techniques, which have sometimes been controversial. For example, immunocytochemical measurements 3 might overestimate channel density by labeling channel proteins that are not functional and may not be relevant to excitability. We concluded that Na + channel density (or more precisely, Na + current density per action Uniform g Na density AIS g Na density ×3,
AIS g Na density ×3
-100 mV
Max. rate-of-rise (V s a r t I C l e S potential) in the soma is about threefold lower than in the AIS and threefold greater than in basal dendrites. In nodes of Ranvier, action potential-induced Na + influx was of the same order of magnitude as in the AIS. At a functionally critical subthreshold range of voltages, I NaP was primarily generated by the AIS. Passive diffusion, not active pumping, was responsible for rapid clearance of Na + from beneath the membrane of the AIS and node of Ranvier during repetitive action potential generation.
Na + channel density in different neuronal compartments
The finding that action potential-induced Na + flux density is about threefold greater in the AIS than in the soma would indicate the same ratio of channel densities if the amplitude and shape of the action potential and the temporal kinetics of the channels were the same in the two regions. In the proximal AIS, the maximal rate of rise of the action potential is about twice that of the somatic action potential, whereas spike amplitudes are similar in both compartments 3 . Because the time to peak is about 20-30% briefer than in the soma, we would underestimate the ratio of peak g Na by about that amount if we use the axon-to-soma flux ratio that we measured to estimate the conductances. On the other hand, the Na + current is entirely inactivated by the time of the peak of the action potential in the isolated pyramidal cell soma 22 . Because the peak is reached earlier in the axon, there may be some Na + current during repolarization. As this is an additional current going through the same channels that are open on the rising phase, the axon-to-soma flux ratio of 3:1 that we recorded probably reflects an even smaller ratio of peak g Na , and channel densities. In fact, several studies 2, 3, 8 have estimated channel densities on the basis of electrophysiological recordings from cell-attached or excised patches in the AIS and arrived at estimates in the AIS that are less than threefold higher than their estimates for the soma. One suggestion 3 is that the ratios determined from patch recordings do not reflect the effective physiological channel density because Na + channels in the AIS are anchored to the cytoskeleton and do not completely reveal themselves in patch recordings. This analysis is based on experiments that disrupted the connection of Na + channels to ankyrin G and thereby increased the apparent channel density. However, even if that interpretation is correct, there was only a threefold increase in density, which is still closer to the range of cell-attached measurements and our determination than to the factor of ~40-50 that has been proposed on the basis of other considerations 3 .
The relative action potential-evoked [Na + ] i changes that we recorded in different regions were qualitatively similar to those reported in pyramidal neurons 3 and in other cell types 23, 24 . All experiments agree that the fractional fluorescence change (ΔF/F) following a depolarizing stimulus is much lower in the soma than in the AIS. However, ΔF/F reflects concentration change and not Q Na , which is the parameter closest to channel density. When we used ΔF, which is more closely related to current density, the fluorescence changes in the two compartments were similar. In our other approach, where we compared [Na + ] i changes, but corrected for the difference in the surface-to-volume ratio, we came to the same conclusion.
Another experimental observation that suggested 3 a high density of channels in the AIS is the extremely fast rise time of the action potential in AIS. The model used in that analysis 3 probably required a high channel density to compensate for a high estimate of the Na + channel activation time constant τ m . We were able to simulate the same fast rise time with a much lower Na + conductance in the AIS, provided we assigned faster values (based on other experiments 20, 25 ) to the kinetic parameters of the Na + channels (Fig. 8) . Another argument 3 for a high Na + channel density in the AIS is that it is required to support the experimental finding that action potentials initiated at the distal portion of the AIS and not in the first node of Ranvier. This argument, however, depends critically on the relative Na + channel density in the nodes and in the AIS. The model referred to in that argument 3 used estimated values based on recordings in rat peripheral nerve 20 (21,000 channels per node). Our results (Fig. 6) indicate that, in the axon of the pyramidal neuron, where nodes are smaller and closer together, the current density is smaller. There is therefore no need to postulate high Na + channel density in the AIS.
Our findings about the relative basal dendrite/axon current densities are consistent with previously reported imaging data 3 . As with the axonal data, the interpretation of these results in terms of channel densities depends on the relative spike amplitudes in the different compartments. There is still some disagreement about action potential properties in the basal dendrites. Direct patch recordings from the basal dendrites suggest attenuated back-propagation of action potentials 26 , whereas experiments using voltage-sensitive dyes found less attenuation 27 . If the spikes are attenuated, we would expect a slightly higher relative channel density than that estimated by Q Na . As our measurements were made less than 30 μm from the soma, where attenuation is minimal, we expect the correction to be small. Persistent Na + current Our imaging data confirm that persistent Na + conductance in layer 5 pyramidal cells was generated predominately in the axon in the functionally critical subthreshold voltage range, as previously reported 6 . The voltage-clamp experiments indicate that persistent Na + conductance was also activated in the somatic and dendritic membranes at more depolarized potentials.
It remains unclear whether different voltage dependence of the persistent conductance in these compartments parallels the reported difference in voltage dependence for the transient Na + current [2] [3] [4] 21 . It is generally accepted that the activation voltage of I NaP is more negative than that of the transient current, although the extent of the leftward shift is not known (for review, see ref. 28 ). Thus, the axonal I NaP undoubtedly contributes to the lower threshold of the AIS 1, 8 .
Diffusion and clearance of Na + ions Many types of central neurons fire high-frequency bursts that propagate via myelinated axons to target cells with a timing precision that is critical both for ongoing communication between neurons 29 and for synaptic plasticity 30 . The structural relationships between the axonal membrane and the myelin sheath are optimized for initiation and rapid, saltatory propagation of action potentials. Our results suggest an additional function for this organization, that the geometrical dimensions of myelinated and nonmyelinated segments of the axon permit rapid, energy efficient restoration of transmembrane Na + gradients beneath the excitable membrane.
We found both experimentally and using numerical simulations that, in myelinated axons, action potentials are associated with a marked heterogeneity in [Na + ] i over a short length of AIS-soma and node-internode assemblies. We did find small voltage-dependent Na + and Ca 2+ entry in the myelinated region (Supplementary Fig. 5 ), consistent with previous observations 31, 32 , but the spike-evoked Na + entry in this region was much smaller than in the AIS or first node. The resultant sharp Na + gradients facilitated rapid recovery of [Na + ] i by diffusion. Of course, Na + ions that enter the axoplasm during activity will eventually have to be extruded by the Na + /K + -ATPase, which uses about a half of the brain energy budget for this purpose 33 . However, in the time frame of milliseconds, it is Na + clearance mediated by lateral diffusion that prevents Na + accumulation in the a r t I C l e S functionally critical, nonmyelinated segments. Moreover, as Na + influx is predominately restricted to the initial segment and to the periodic nodes of Ranvier, the Na + extrusion mechanism utilizes the whole neuronal membrane, including the myelinated internodes and soma where the pump is present 34 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. the rising phase of the signal is much faster than the decay rate and there is little effect of diffusion on the peak amplitude except at locations very close to the soma (Figs. 1 and 3) . In other experiments, we measured the fluorescence signals from trains of ten action potentials evoked at 30-ms intervals to improve the signal-tonoise ratio of the measurements. In this case, the removal rate in the axon is comparable to the influx rate and the amplitude of the fluorescence change is not proportional to the total Na + entry. In the soma and dendrites, the removal rate is much slower and the peak amplitude should be proportional to Na + entry.
To correct for the distortion in the peak amplitude resulting from the rapid removal of Na + in the axon, we constructed a simple model of Na + entry in the AIS and soma and removal by diffusion and compared the peak fluorescence change in the case of normal Na + diffusion (which accurately replicates the [Na + ] i changes in these regions; Fig. 3) with the results of a model in which the diffusion constant was set to zero. The latter case corresponds to the situation with no removal and the peak amplitude should be proportional to Na + entry. The model showed that, in the center of the AIS, the peak amplitude with normal diffusion is about 70% of the amplitude without diffusion in the case where ten action potentials are generated at 30-ms intervals (total stimulation time of 300 ms); closer to the ends of the AIS, the differences are greater because Na + in those regions is rapidly diffusing into the soma or the myelinated region of the axon. As expected, the difference is much less for a short train of 50 ms (except next to the soma) and greater for a longer train. These differences are substantial for the longer trains and are the largest corrections that must be applied to estimate the true relative Na + entry in different regions during a slower spike train.
Modeling na + diffusion and electrophysiological properties. Numerical simulations were performed in the NEURON simulation environment 40 . Unless otherwise stated, electrophysiological parameters and dynamic [Na + ] i changes were studied in a simplified compartmental model that encompassed the fundamental morphological and electrical features of layer 5 pyramidal and Purkinje neurons. In the model, the 1.2-2-μm-thick AIS extended over the first 40-50 μm of the axon in L5 pyramidal cells and 15 μm in Purkinje cells. The subsequent segment (length, 50 μm; diameter, 1.2 μm) was myelinated. The first node of Ranvier (length, 1 μm; diameter, 1.2 μm) was positioned at 100 μm from the soma, which approximately corresponded with the location of the experimentally observed localized [Na + ] i increases (Fig. 6) . The soma (length, 35 μm; diameter, 23 μm) gave rise to a single apical dendrite (length, 700 μm; diameter, 3.5 μm) and to two basal dendrites (length, 200 μm; diameter, 1.2 μm). For computational precision, all compartments were divided into many segments with the length of individual segments usually less than 1 μm. The passive electrical properties R m , C m and R i were set to 15,000 Ω cm 2 , 0.9 μF cm −2 and 125 Ω cm, respectively, uniformly throughout all compartments. Myelination was simulated by reducing C m to 0.02 μF cm −2 . The resting membrane potential at the soma was set to −75 mV. All simulations were run with 5-μs time steps and the nominal temperature of simulations was 32 °C.
The model incorporated a Hodgkin-Huxley-based Na + conductance as previously described 2 . The activation time constant was given by τ m = k/(α m (V m ) + β m (V m )); unless otherwise stated, the scaling factor k was 0.2 (Fig. 8a) . The Na + conductance was 250 pS μm −2 in the soma, 200 pS μm −2 in the apical dendrite, 40 pS μm −2 in the basal dendrites, 750 pS μm −2 in the AIS and 1,200 pS μm −2 in the nodes of Ranvier. Myelinated internodes possessed no Na + channels. These densities were tuned to account for previously published action potential characteristics 1, 19, 26, 41 and for the measured Na + fluxes in the different neuronal compartments. Thus, the somatic Na + conductance was set to 250 pS μm −2 (maximal m 3 h of ~220 pS μm −2 ) to achieve a maximal spike upstroke velocity of ~500 V s −1 and Q Na of ~12 fC μm −2 . This value is consistent with the channel density as calculated from the data on isolated cortical pyramidal neurons 22 . In the model, persistent Na + conductance differed from the transient Na + conductance in that there was no inactivation variable and voltage dependence of activation was shifted to the left by 10 mV. The model included K v and K v 1-like K + channels with kinetics and density as previously described 3 . The K + equilibrium potential was set to −85 mV.
Diffusion of Na + was modeled as the exchange of Na + ions between adjacent neuronal compartments using the intrinsic protocols in NEURON assuming a diffusion coefficient of 0.6 μm 2 ms −1 (ref. 13 ). The resting intracellular and the extracellular Na + concentrations were set to 4 and 151 mmol l −1 , respectively.
